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Abstract. Chondrules are millimeter sized objects of spherical to irregular shape that constitute the major component of chon- 
dritic meteorites that originate in the region between Mars and Jupiter and which fall to Earth. They appear to have solidified 
rapidly from molten or partially molten drops. The heat source that melted the chondrules remains uncertain. The intense ra- 
diation from a gamma-ray burst (GRB) is capable of melting material at distances up to 300 light years. These conditions 
were created in the laboratory for the first time when millimeter sized pellets were placed in a vacuum chamber in the white 
synchrotron beam at the European Synchrotron Radiation Facility (ESRF). The pellets were rapidly heated in the X-ray and 
gamma-ray furnace to above 1400 °C melted and cooled. This process heats from the inside unlike normal furnaces. The melted 
spherical samples were examined with a range of techniques and found to have microstructural properties similar to the chon- 
drules that come from meteorites. This experiment demonstrates that GRBs can melt precursor material to form chondrules 
that may subsequently influence the formation of planets. This work extends the field of laboratory astrophysics to include high 
power synchrotron sources. 
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c/3 . 1. Introduction The timing, duration and conditions that led to the for- 
mation of chondrules in the solar nebula are poorly under- 

> ; The production of chondrules is an important stage in pro- stood Thg properties and thermal histories of the chon drules 

• <-j cesses leading to the formation of planets J Cuzzi et alj | 200l|) . have been infer red fr om an extensive s eries of experiments 

i Many proposals dBossj [199^ have been made for the Iran- Jconnollv et alJIlQQSHLofaren & LanieJfl99ol IConnollv et alJ 

j3 . sient heat source that melted the precursor material to form | 199 4 | Co hen et alJl200fii . Their ^eTalogy is dominated by 

chondrules including nebular lightning 0esch & Cuzzi||2000|) olivine (( Mg,Fe) 2 Si04) and pyroxene ((Mg,Fe)Si0 3 ) both be- 

and activities associated with the young Sun ( Shuetalj ing so i id solutions with a wide range in composition. This di- 

2001 ; Feigelson et al. 200J. Almost all proposed heat sources vershy is consistent with the melting of heterogeneous solids 

(Rubin 2000; Boss|l996j|Jones et al.|2000|) are local to the solar or dust balls Crystal structures and morph ologies are used to 



nebula, one exception being the proposal ( McBreen & Hanlon | hmit me tem p er ature range and rate of cooling during chon- 

| l999HDugganetalj200l|) that the chondrules were flash heated dmle formation . Backscattered electron microscope images of 

to melting point by a nearby GRB when the iron all through two typical chon drules that we obtained from the Allende me- 

the precursor material efficiently absorbed X-rays and low en- teorite whh barred and por ph yrit i c tex tures are shown in Fig.ffl 
ergy y-rays. The distance to the source could be up to 300 light 

years (~100pc) for a GRB with an isotropic output of 10 46 J 2 Expe rimental Method 

(Piran 1999; Meszaros 2002). This distance limit was obtained 

using the minimum value of 2x 10^ Jkg~ ' required to heat and It is now possible to create the astrophysical conditions near a 

melt the precursor grains llWassonlll99i and is equivalent to GRB source in the laboratory due to the development of power- 

an enormous energy deposition of 10 s J m~ 2 . The complex time ful synchrotrons. The ESRF has a 6 GeV, third-generation syn- 

profiles of short a nd long GRBs are well described by lognq r- chrotron capable of generating the required power. A wiggler 

mal distributions (Mc Breen et all200lllOuiiiigan et all2 002). device was inserted and used to create X-rays in the range 3 - 

200 keV. The 24-pole wiggler has a characteristic energy of 29 

Send offprint requests to: brian.mcbreen@ucd.ie keV at a minimum wiggler gap of 20.3 mm. Time was awarded 
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Table 1. Elemental oxide compositions of three types of pre- 
cursor material in weight percentages and the calculated liq- 
uidus temperatures. The compositions are the same as listed 
llYu&Hewinsl [l998) except that the small amounts of K2O 
(< 0. 1 1 %) were not included and magnetite (FejC^) was used 
in place of FeO. 





Type IA 


Type IAB 


Type II 


Si0 2 


45.4 


47.2 


49.2 


Ti0 2 


0.1 


0.1 


0.1 


A1 2 3 


4.9 


9.7 


4.1 


Fe 3 4 


8.3 


6.6 


21.3 


MnO 


0.1 


0.1 


0.1 


MgO 


37.4 


30.7 


22.7 


CaO 


2.5 


3.5 


0.2 


Na 2 


1.3 


2.1 


2.3 


Liquidus 


1,692 °C 


1,577 °C 


1,509 °C 


Temperature 



on the ID 1 1 white beam to test the prediction that large fluxes 
of X-rays and y-rays could melt millimetre sized dust grains 
and hence extend the us e of high power synchro tron sources to 
laboratory astrophysics dRemington et al. 1999). 

The composition of chondrules varies widely and a clas- 
sification system based on the iron content is often used 
( lMcSweenlll9"77t lYu & Hewinslll998l) . Type IAB chondrules 
have low iron content while type IA and type II have increas- 
ing amounts of iron. The pellets were made from a mixture of 
elemental oxides with weight percentages as given in Tabled 
for the three precursors types. The major effect of including 
more iron is to reduce the magnesium content and the liquidus 
temperature of the material. The oxides, without the volatile 
Na20, were mixed and heated to 400 °C in an alumina cru- 
cible for 13 hours. The powders after heating had a mass loss 
of about 5 %, due to moisture loss and reduction of the elemen- 
tal oxides. After cooling, Na20 was added to the mixture. The 
powder was pressed into cylindrical pellets of diameter 3 mm 
and height of 3 mm. 

Each pellet was placed in a graphite crucible inside an evac- 
uated container and inserted into the path of the white X-ray 
beam. The size of the beam was 2 mm x 1.5 mm. The syn- 
chrotron beam entered the vacuum chamber through a Kapton 
window of thickness 0.05 mm. The pressure in the container 
was between 10~ 2 - 10~ 3 mbar, which is typical of planetary 
forming systems. In a few cases the residual air in the vac- 
uum chamber was replaced with hydrogen. During the heat- 
ing cycle the temperature of the pellet was measured using a 
Raytex MR1SCSF pyrometer with a range from 1000 °C to 
3000 °C. The pyrometer was located outside the lead shielding 
and viewed the sample via a mirror through a glass window on 
the top of the vacuum container and at right angles to the X-ray 
beam. This window had to be replaced on several occasions 
during the experiment because of darkening caused by radia- 
tion damage. The sample was also monitored with a camera 
that viewed it through the pyrometer optics. The pellets were 
rapidly heated in the X-ray and y-ray furnace to temperatures 
above 1400 °C (Fig.[2}- During the heating and melting process 




Fig. 1. Backscattered electron microscope images of two chon- 
drules from the Allende meteorite. Phases with higher atomic 
number are brighter in color. The dark grey grains are elongated 
olivine crystals in (a) and porphyritic crystals in (b) where the 
brighter regions are the interstitial glassy material. The diam- 
eters of the chondrules are about 1 mm and 0.6 mm and are 
surrounded by matrix material in the meteorite. 

the pellets bubbled, moved about and sometimes ejected small 
drops of iron rich material. The melted samples were kept at 
the maximum temperature for a duration of 10 s to 300 s and 
cooled when the power in the beam was reduced by widen- 
ing the magnets of the wiggler. The beam was removed when 
the temperature dropped below 1000 °C. The samples cooled 
rapidly to yield 2-3 mm diameter black spherules. 

A Huber model 642 Guinier X-ray powder diffractome- 
ter with monochromatic CuKaj radiation was used for pow- 
der diffraction. Aluminium foil was placed between the sample 
and detector to reduce the fluorescent background from iron. 
The crystal phases were identified using the JCPDS Powder 
Diffraction File. Crystal structures were refined using Rietveld 
analysis in the range 20° < 26 < 100° using Rietica (iHunterl 
ll998UHill & HowarJl987Tl . For angular calibration and quan- 
titative phase analysis a known mass of high-purity silicon 
(9% to 16% by mass depending on the sample) was added 
as an internal standard to the powdered sample. Refined struc- 
tural variables included lattice parameters, atomic coordinates, 
metal site occupancies and isotropic temperature factor; non- 
structural variables included scale factors, background correc- 
tion and peak shape. Absorption effects were treated as though 
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Fig. 2. The temperature profile of a typical sample in the syn- 
chrotron experiment. The reason for the high initial tempera- 
ture is that 1000 °C is the minimum value read by the pyrom- 
eter. The temperature rose rapidly to above 1000 °C when the 
beam shutter was opened. 

they w ere part of the overall isotropic temperature factor JScottl 

3. Results 

A total of 24 samples were melted and cooled in the radia- 
tion beam. Backscattered electron microscope images of three 
samples are given in Fig. [3] One sample (Fig.|3t) has olivine 
crystals orientated in a random pattern whereas the sample in 
Fig-Eb has a barred olivine texture. The sample in figure|3j; has 
porphyritic microstructure. 

There was a general tendency for the mic rostructure of 
the sa mples to reflect the liquidus temperature dYu & Hewinsl 
Il998h . Type IA samples have the highest liquidus temperature 
of 1692 °C (TableQ. The type IA samples were predominantly 
porphyritic in texture with smaller crystals while IAB were 
about equal mixture of porphyritic and acicular olivine whereas 
acicular olivine predominated in type II. The type IA samples 
with highest liquidus temperature had more nuclei throughout 
the partial melt at the sta rt of cooling on which the crystals 
could grow llRubinl EoOO). The greater number of nucleation 
sites resulted in more crystals with smaller dimensions. Type 
II samples had the least number of nucleation sites resulting in 
fewer but larger crystals. The faster the cooling rate the more 
imperfect the crystals that formed. There is not a perfect match 
between the microstructure of chondrules (Fig.nj and the sam- 
ples produced in the synchrotron beam (Fig.|3}. The final tex- 
ture of samples depends on a range of facto rs (IRubinl 12000: 
IConnollv et aljfl998l lLofgren & Lanierll990l) such as the pre- 
cursor composition, maximum temperature, rate of cooling and 
duration of heating at maximum temperature. Further experi- 
ments are needed to explore a wider range in parameter space 
to obtain more observational constraints on the process. 

The Rietveld plot of one type II sample is given in figure 
|4] The R values, relating the observations to the model, for 
type IA samples were typically R p = 6.5 % for the profile and 
R wp = 8.2 % for the weighted profile and for type II samples 
were R p = 2.2% and R wp = 2.8 % indicating very acceptable 




Fig. 3. Backscattered electron microscope images of three 
melted samples from the synchrotron experiment, (a) cross sec- 
tion of a complete sample with randomly orientated olivine 
crystals and type IA precursor composition, (b) section of a 
sample with barred olivine crystals and type II precursor com- 
position, (c) section of a sample with porphyritic crystals and 
type IAB precursor composition. The samples in (a) and (c) 
have cavities of size < 50 mm. Cavities have been observed 
(Ma harai & Hewinsl 1 19941) in other experimentally produced 
samples and are caused by trapped gases and incomplete melt- 
ing. 

fits. The sample in Fig.|5t had olivine with weight percentage 
of 56.6 % with the remainder being amorphous while the type 
II sample shown in Fig.@]had olivine (86.2 wt-%), magnetite 
(7.2 wt-%) with the remainder being amorphous. The Bragg 
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Fig. 4. X-ray diffraction pattern of a type II sample. The data 
are plotted with crosses and the calculated profile is shown as 
a continuous line. The three sets of vertical bars in the middle 
of the figure are the calculated reflection positions for silicon 
(top), olivine (middle) and magnetite (bottom). The residuals 
between the data and the calculated profile are shown at the 
bottom of the figure indicating a very good match. 

Rb factors for the individual crystalline phases were also very 
acceptable with values less than 4 %. Refining the site occu- 
pancy factors for the two magnesium and iron sites allowed the 
calculation of stoichiometry of the olivine as Mgi ^Feo.osSiO^ 
(i.e. almost pure forsterite) for the type IA sample (Fig.|3^) and 
Mgi 72Feo 28SiC>4 for the type II sample (Fig.|4j. The higher 
iron content of the type II olivine reflects the greater amount 
of iron in the starting mixture. 

4. Discussion 

This experiment demonstrates that GRBs can melt precursor 
dust balls to form chondrules in nearby planetary forming sys- 
tems. Once formed, the chondrules can move through the gas 
mor e freely and coa gulate to form the building blocks of plan- 
ets JCuzzi et alJ200lh . GRBs with durations greater than 2 s are 
associated with sup ernovae in massive stars and the formatio n 
of Kerr black holes JPopham et alJl999tlMcBreen et alJ2002l) . 
The discovery of more than 100 extra-solar giant planets has 
opened a range of questions regarding the m echanisms of plan- 
etary formation (Santos et al. 2003; Laughlin 2000). The prob- 
ability that any planetary forming system will be blasted by 
a nea rby GRB has been estimated ( McB reen & Hanlonlll999t 
Scalo & Wheeler 2002) to be about 0.1 %. In the solar neigh- 
bourhood, 7 % of stars with high metallicity harbour a planet 
whereas less t han 1 % of stars w ith solar metallicity seem to 
have a planet ( San tos et alJ l2003). The GRB method seems to 
be only one of the mechanisms involved because of the high 
percentage of stars with planets. There is a further difficulty for 
the model in the case of our solar system because most chon- 
drule s were melted more than once r equiring a repeating pro- 
cess jRubirJl200d IWasson & Rubinll2003l) . However the for- 
mation of planetary systems may be enhanced by the presence 
of a nearby GRB which will form chondrules across the whole 



nebula at essentially the same time iMcBreen & Hanlonll 999) 
but would require a range of assumptions about the location of 
the dust in the disk to account for the properties of chondrules 
in different classes of chondrites. Advances in the methods of 
detecting remnant GRBs and planetary systems may reveal a 
link between them in our galaxy. 

A GRB can reveal planetary forming systems in other 
galaxies because there will be short duration (~ 1 hour) bursts 
of infrared radiation from the melted dust when chondrules 
form across the whole nebula. These infrared bursts can oc- 
cur for up to several hundred years after the GRB when the 
expanding shell of radiation melts the dust in planetary form- 
ing systems. However the GRB should be in a nearby galaxy to 
detect the faint infrared bursts with powerful telescopes such as 
the Overwhelmingly Large Telescope and the Next Generation 
Space Telescope. 
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